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Conversion of the normal soluble form of prion protein, 
PrP (PrPC), to proteinase K-resistant form (PrPSc) is a 
common molecular etiology of prion diseases. Proteinase 
K-resistance is attributed to a drastic conformational 
change from α-helix to β-sheet and subsequent fibril for-
mation. Compelling evidence suggests that membranes 
play a role in the conformational conversion of PrP. How-
ever, biophysical mechanisms underlying the conforma-
tional changes of PrP and membrane binding are still elu-
sive. Recently, we demonstrated that the putative tran-
smembrane domain (TMD; residues 111-135) of Syrian 
hamster PrP penetrates into the membrane upon the re-
duction of the conserved disulfide bond of PrP. To under-
stand the mechanism underlying the membrane insertion 
of the TMD, here we explored changes in conformation 
and membrane binding abilities of PrP using wild type and 
cysteine-free mutant. We show that the reduction of the 
disulfide bond of PrP removes motional restriction of the 
TMD, which might, in turn, expose the TMD into solvent. 
The released TMD then penetrates into the membrane. We 
suggest that the disulfide bond regulates the membrane 
binding mode of PrP by controlling the motional freedom 
of the TMD. 
 
 
INTRODUCTION 
 
Prion diseases, which are also termed transmissible spongiform 
encephalopathies (TSEs), are infectious disorders affecting the 
brains of humans and animals. In prion diseases, a portion of 
prion protein (PrP) converts from its normal conformation, PrPC, 
to an insoluble and protease-resistant pathogenic conformation, 

PrPSc (Prusiner, 1998). Compelling evidence supports the sug-
gestion that PrPSc might be the transmissible element in prion 
disease (Castilla=et alK, 2005; Kocisko=et alK, 1994; Legname=et alK, 
2004). 

Mature mammalian prion proteins are molecules of approxi-
mately 209 residues with one conserved disulfide bond be-
tween Cys179 and Cys214 (human PrP numbering) (Prusiner, 
1998). Structures determined by nuclear magnetic resonance  

for recombinant PrPC from human (Zahn=et alK, 2000), cow (Lopez 
Garcia=et alK, 2000), mouse (Riek=et alK, 1996) and hamster (James=
et alK, 1997) have the same monomeric structure. In contrast, a 
crystal structure for human prion protein has revealed a three-
dimensional domain-swapped dimer (Knaus= et alK, 2001). All 
structures contain three α-helices and two strands of β-sheet, 
with a single disulfide bond bridging helices 2 and 3. While 
PrPC is mainly composed of α-helix, conversion to a predomi-
nantly β-sheet conformation is the central event of TSEs. 

There is evidence that the polypeptide chain of PrP interacts  
with phospholipid membrane domains. The binding of PrP to a  
membrane results in structural changes of PrP, with the extent  
and nature of these structural changes depending on pH, mem- 
brane lipid composition and starting construct and conformation  
of PrP (Critchley=et alK, 2004; Kazlauskaite=et alK, 2003; Morillas=et  
alK, 1999; Pinheiro, 2006; Sanghera and Pinheiro, 2002; Wang=et  
alK, 2006). Furthermore, binding of PrP with a membrane desta- 
bilizes the integrity of the lipid bilayer (Kazlauskaite and Pin- 
heiro, 2005; Pinheiro, 2006; Wang et al., 2006). A recent report  
that utilized a minimal set of components using protein misfold- 
ing cyclic amplification identified only PrP molecule, lipid mole- 
cules and a synthetic polyanion for scrapie amplification  
(Deleault=et alK, 2007). In addition to the membrane localization  
via the GPI anchor of PrPC, transmembrane topologies of PrPC  
have been described (Hegde=et alK, 1998; 1999). These trans- 
membrane forms are inserted into the lipid bilayer of the endo- 
plasmic reticulum via the putative transmembrane domain  
(TMD) of PrPC, a hydrophobic stretch between residues H111 to  
V135. The first link between this TMD and prion disease became  
apparent by the observation that a peptide encompassing  
amino acids 106-126 induces neurotoxic effects in cultured  
primary brain cells (De Gioia=et alK, 1994; Forloni=et alK, 1993). 

Recently, we demonstrated that PrP can penetrate into a 
membrane when the single disulfide bond is reduced (Shin=et alK, 
2008). Insertion of PrP with the membrane upon reduction re-
sulted in the perturbation of the membrane structure, which sub-
sequently lead to leakage of the membrane contents and co-
precipitation of the membrane with PrP. Identification of pro-
teinase K (PK)-resistant bands from the membrane-penetrated 
PrP suggested that the TMD of PrP was inserted to the mem-
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brane. These findings lead us to speculate that the TMD, pre-
sumably possessing a confined conformation, should gain a 
degree of motional freedom to interact with the membrane upon 
reduction of the disulfide bond. In fact, the motion of TMD is likely 
to be restricted in PrPC in a conformation that obviates interaction 
with the membrane (James et al., 1997; Shin et al., 2008). In the 
present study, we compared the structure and membrane bind-
ing ability of wild type (WT) Syrian Hamster PrP with a mutant in 
which two cysteines are replaced with serine residues. The re-
sults suggest that the membrane interaction of PrP is enhanced 
by acquired motional freedom of TMD following the reduction of 
disulfide bond. 
 
MATERIALS AND METHODS 
=
Materials 
1-Palmitoyl-2-oleoyl phosphatidylcholine (POPC) and 1,2-dioleoyl 
phosphatidylserine (DOPS) were purchased from Avanti Polar 
Lipids (USA). (1-Oxyl-2,2,5,5-tetramethylpyrrolinyl-3-methyl) 
methanethiosulfonate spin label (MTSSL) was obtained from 
Toronto Research Chemicals (Canada). mÑì Turbo DNA poly-
merase was purchased from Stratagene (USA). Bio-beads SM2 
was obtained from Bio-Rad (USA). Oligonucleotides for site-
directed mutagenesis were obtained from Bioneer (Korea).  
=
Protein expression and purification 
The C-terminal fragment spanning residues 90-231 of Syrian 
Hamster PrP was expressed from pET28a-PrP(90-231) in bëJ
ÅÜÉêáÅÜá~= Åçäá BL21(DE3). The inclusion body of PrP was re-
folded as described previously (Shin et al., 2008). Refolded 
proteins were eluted with 20 mM Tris-HCl pH 7.4 (buffer A) 
supplemented with 500 mM NaCl and 500 mM imidazole. The 
solution was centrifuged to remove precipitates. Finally, salts 
were removed from solution using PD-10 desalting column (GE 
Healthcare, Buckinghamshire, UK). 
 
Site-specific spin labeling and electron paramagnetic  
resonance (EPR) data collection 
In order to remove or introduce the two cysteine residues, site-
directed mutagenesis was performed using mÑì polymerase 
and mutagenic primers. For the nitroxide labeling required for 
site-directed spin labeling (SDSL) EPR, 1-ocyl-2,2,5,5-tetra-
methylpyroline-3-methyl methanethiosulfonate (MTSSL) was 
used. Cys-mutants were incubated overnight with MTSSL at 
ambient temperature. Free spin labels were removed using a 
PD10 desalting column (GE Healthcare). Residual free spin 
labels were washed away using a centrifugal filtration unit (Mil-
lipore, USA). EPR spectra were obtained using a Bruker ESP 
300 spectrometer (Bruker, Germany) equipped with a low-noise 
microwave amplifier (Miteq, Hauppauge, USA) and a loop-gap 
resonator (Medical Advances, USA). The modulation amplitude 
was set at no greater than one-fourth of the line width. Spectra 
were collected at room temperature in the first-derivative mode. 
After baseline correction, the first-derivative EPR spectra were 
normalized by dividing the spectra with the spin label concen-
trations. The spin label concentration was obtained from the 
area of an absorption-mode EPR spectrum, which is double 
integration value of the first-derivative EPR spectra. 
 
Far-ultraviolet (UV) circular dichroism (CD) 
CD spectra of PrP (0.15 mg/ml in 10 mM sodium acetate 
buffer, pH 7.4) were recorded using a 0.1 cm pathlength cu-
vette in a CD spectrometer (Jasco, USA) with a bandwidth of 
1 nm and data spacing of 0.1 nm. Spectra were measured at 
25°C with resolution of 0.5 nm and 16 scans were averaged 

per spectrum. 
 
Liposomes  
Large unilamellar vesicles (LUV) were prepared by hydrating 
the required amount of dried lipid with the desired buffer (25 
mM HEPES, pH 7.0). Buffer was deoxygenated with nitrogen 
gas and the hydrated lipids were maintained under a nitrogen 
atmosphere. Phospholipids in chloroform solutions were dried 
under nitrogen gas and the resulting lipid film was left under 
vacuum overnight to remove residual chloroform. After lipid 
hydration, the resulting multilamellar liposome suspension was 
frozen and thawed 10 times. Finally, the resulting solution was 
extruded with a 100 nm pore size filter membrane (Avanti Polar 
Lipids) to generate LUV with a 100 nm diameter. 
 
Generation of polydiacetylene-lipid 
Tricosadiynoic acid was purchased from Fluka. Polydiacetylene 
(PDA) and Phospholipids/PDA LUV consisted of POPC (65% 
of lipids), DOPS (35% of lipids) and tricosadiynoic acid (lipid to 
PDA molar ratio of 2:3). The lipid constituents were dried to 
make a film together in vacuo, followed by addition of deionized 
water and sonication for 2-3 min at 70°C. The vesicle solution 
was cooled and kept at 4°C overnight, and then polymerized by 
cross-linking under UV illumination at 220 nm for 10-20 s. The 
resulting solutions exhibited an intense blue color.  
 
Fluorescence quenching assay 
Fluorescence quenching experiments were performed by add-
ing aliquots of a freshly prepared 2 M acrylamide stock solution 
to PrP in the absence and presence of membrane. Tryptophan 
fluorescence spectra were recorded for each quencher concen-
tration using an excitation wavelength at 285 nm (1 nm band-
width). Protein and lipid concentrations were 1 μM and 2.5 mM, 
respectively. The degree of quenching was analyzed according 
to the following Stern-Volmer equation: 
 
c

M
Lc=Z=N=H=h

ps
xnz= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = (Eq. 1)=

 
where co and c=are the fluorescence intensities measured in 
the absence and presence of acrylamide, respectively, hSV is 
the Stern-Volmer constant for collisional quenching, and [Q] is 
the concentration of the quencher. The equation predicts a 
linear behavior of co/c=îÉêëìë=[Q] for a homogeneous solution. 
 
RESULTS 
 
Aggregation-prone property of PrPCS and membrane 
binding ability 
A PrP mutant, in which two cysteines were replaced with seri-
nes, was prepared and designated as PrPCS. PrPCS is expected 
to represent the characteristics of reduced PrP. In recombinant 
bK= Åçäá both WT PrP and PrPCS were expressed as inclusion 
bodies. After purification of unfolded PrPs using Ni-NTA Sepha-
rose, they were subjected to the same solid state refolding 
processes. While WT PrP could be eluted as a soluble form 
after refolding, PrPCS could not (Fig. 1A). To understand if this 
failure in soluble elution was due to the lack of disulfide bond, 
soluble WT PrP was treated with dithiothreitol (DTT). PrP ag-
gregated very fast depending on the concentration of DTT (Fig. 
1B). The precipitates of PrPCS were not PK-resistant indicating 
that the precipitates were normal amorphous protein aggre-
gates (Fig. 1C). Consistent with previous observations (Maiti 
and Surewicz, 2001; Mehlhorn=et alK, 1996), PrP became ag- 
gregation-prone when the disulfide bond was reduced. 

Tryptophan (Trp) residues provide a convenient spectro- 
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Fig. 1. Aggregation-prone property of PrP

CS
. (A) PrP

CS
 aggregated 

rapidly upon elution after the same refolding process as WT PrP 

which remained soluble after elution. (B) Addition of DTT induced fast 

aggregation of WT PrP. (C) The precipitates of PrP
CS

 were PK-

sensitive. All experiments were carried out in 20 mM Tris-HCl (pH 7.4). 
 
 
scopic probe that allows the measurement of accessibility to a 
polar environment at relatively low protein concentration by 
fluorescence spectroscopy. PrP90-231 contains two Trp residues 
at residues 99 and 146. The putative TMD resides between 
these two Trp residues. Thus, accessibility to TMD is likely to 
be well reported by the accessibility to the two Trp residues. 
Fortunately, we could recover a few μM soluble PrPCS, which 
was a concentration sufficient to perform fluorescence spec-
troscopy (Fig. 1A). Fluorescence emission spectra were meas-
ured for WT PrP and PrPCS in a wavelength range of 320-400 
nm. Interestingly, further exposure of Trp residues to the polar 
environment was observed for PrPCS, as indicated by the red-
shift of λmax (Fig. 2A). Trp exposure is indicative of the exposure 
of TMD. To confirm the further exposure of Trp residues of 
PrPCS, fluorescence quenching was measured using acryla-
mide, which is a polar quencher (Eftink and Ghiron, 1981). 
PrPCS was more sensitive to acrylamide indicating that the Trp 
residues of PrPCS were in a more polar environment than those 
of WT PrP (Fig. 2B). 
 
Membrane insertion of PrPCS  
In our previous report, membrane interaction of PrP strongly 
depended on the redox state of the disulfide bond (Shin et al., 
2008). It was of interest to determine whether PrPCS could still 
retain its membrane binding ability. As expected, we observed 
potent membrane binding when the disulfide bond was missing. 
To characterize the interaction between PrPs and membrane 
lipids, we used the technique of fluorescence quenching with 
acrylamide. Figure 3A shows representative Stern-Volmer plots 
for acrylamide quenching of Trp fluorescence of WT PrP and 
PrPCS in the presence or absence of membrane. WT PrP was 
sensitive to the fluorescence polar quencher acrylamide. Acryla-
mide quenching of WT PrP was not protected in the presence of 
membrane. These result are consistent with the suggestion that 
WT PrP does not bind to membrane at neutral pH and agrees 
with previous observations (Morillas et al., 1999), in which WT 
PrP90-231 showed appreciable affinity for lipids only at acidic pH. 
However, PrPCS showed dramatic membrane binding ability even 
at neutral pH. The acrylamide quencher was almost completely 
blocked from access to Trps of PrPCS clearly indicating that TMD 
inserted into the membrane. 

In our previous report, WT PrP perturbed the membrane struc-
ture, inducing leakage of contents when the disulfide bond was 
reduced (Shin et al., 2008). Presently, membrane disruption by  

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Accessibility of the putative TMD to polar environment. (A) 

Red-shift of fluorescence emission spectra indicating that the TMD 

between the two Trp residues is located in more polar environment 

when the disulfide bond is missing. (B) Stern-Volmer plot indicating 

that a water soluble acrylamide is more readily accessible to Trp 

residues in PrP
CS

 than in PrP
C
, suggesting that the TMD is exposed 

when the disulfide bond is lacking. 

 
 
PrP was shown using phospholipid/PDA membranes. Phosphol-
ipid/PDA membranes have been shown to undergo distinct blue-
red colorimetric changes owing to conformational transitions in 
the conjugated (ene-yne) polymer backbone when structural 
perturbations are externally introduced. Presently, phosphol-
ipid/PDA membranes underwent a colorimetric change from blue 
to red upon addition of PrPCS (Fig. 3B, circles). In contrast, WT 
PrP did not induce a colorimetric change (squares). Conse-
quently, we could observe strong absorption at approximately 
550 nm only after addition of PrPCS. 
 
EPR spectroscopy  
The disulfide-lacking mutant, PrPCS, still retained membrane-
binding ability that was related to aggregation-prone propensity 
in solution. WT PrP was soluble at a high concentration but did 
not interact with membrane efficiently. We assumed that the 
putative TMD could be relieved from motional restriction by 
reduction of the disulfide bond. In turn, the exposed hydropho-
bic TMD would drive aggregation of PrP molecules in solution. 
But, in the presence of membrane, the exposed TMD would 
have another option, namely membrane insertion. However, it 
was still questionable whether the reduction of disulfide bond 
could induce a structural change that was sufficient to allow the 
movement of the TMD. 
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Fig. 3. Membrane binding ability of PrP

CS
. (A) Stern-Volmer plots 

indicating that the soluble acrylamide quencher is not accessible to 

Trp residues when the disulfide bond is lacking. Exposed TMD 

(open circle) was shielded from acrylamide in the presence of 

membrane indicating membrane insertion. (B) Phospholipids/PDA 

membrane changed color upon the addition of PrP
CS

, while the 

addition of WT PrP did not induce colorimetric change. As a result, 

PrP
CS

-induced structural change of phospholipid/PDA membrane 

demonstrated a strong absorbance at approximately 550 nm. 

 
 

SDSL EPR spectroscopy has been used to determine structures 
of various membrane proteins. EPR spectrum is sensitive to the 
motional rate of spin label attached to the protein and its lineshape 
analysis provides information about local structure (Fanucci and 
Cafiso, 2006; Hubbell=et alK, 1996; 2000; McHaourab=et alK, 1999). 
Thus, SDSL EPR is expected to pinpoint whether the release of 
TMD is accompanied by the increase in the motional rate of 
other region of PrP. 

For SDSL EPR spectroscopy, 2 sets of seven spin labeling 
mutants were prepared (Fig. 4A). Spin labeling mutants com-
prised one mutant (148C) for helix 1, six mutants for long helix 
2 (177C, 186C and 190C) and helix 3 (205C, 211C and 22C). 
Two identical mutation sets were prepared using WT PrP and 
PrPCS. Spin label mutants grafted on WT PrP probes PrP con-
formation with disulfide bond, while spin label mutants of PrPCS 
are representative of reduced state of PrP. First, EPR spectra for 
seven spin labeling mutants grafted on WT PrP were measured 
at room temperature. As nitroxide was labeled to α-helices, we 
could observe relatively broad lineshapes from all spin label 
positions (Fig. 4B), which were the typical spectra expected 
from secondary structures (Hubbell et al., 1996; 2000). Unfor-
tunately, EPR analysis of PrPCS was more complicated be-

cause PrPCS could not be recovered in a soluble form at high 
concentration (Fig. 1). For a typical SDSL EPR experiment, 50-
100 μM protein is applied. To dissolve PrPCS in solution at high 
concentration, various additives were supplemented into buffer A. 
Among 0.2% Triton X-100, 0.2% Tween 20, 0.2% å-octyl-glu-
coside, 3 M urea, 0-3 M NaCl, 100% dimethylsulfoxide, 50 mM 
cholic acid, 1.5 M guanidinium hydrochloride (GdmHCl) and 
0.3% sodium dodecyl sulfate (SDS) and 50% tetrafluoroethylene 
(TFE), only GdmHCl and SDS were effective for soluble elution 
of PrPCS (data not shown). In 50% TFE, PrPCS was soluble only 
temporarily (significant aggregation within 10 min after elution). 
Because it was reported that 1.5M GdmHCl does not unfold 
PrP90-231 at neutral pH (Swietnicki= et alK, 1997), we chose 
GdmHCl for soluble elution of PrPCS. 

Normalized EPR spectra for WT PrP and PrPCS in 1.5 M 
GdmHCl (pH 7.0) were overlapped for comparison of their mo-
tional rate (Fig. 4C, left row). One might expect lower peak 
heights from broader spectra after normalization. On the con-
trary, faster motion and sharper lineshape will show taller peak 
heights in the normalized spectra. Overlapped spectra clearly 
indicated that spin labels on PrPCS moved faster than those on 
WT PrP (Fig. 3C, left row). It can be argued that GdmHCl might 
also disturb WT PrP structure, although 1.5 M GdmHCl was 
indispensable for soluble maintenance of PrPCS. EPR spectra 
of WT PrP in buffer A were also superimposed with those of 
WT PrP in 1.5 M GdmHCl (Fig. 3C, right row). Addition of 
GdmHCl produced comparably similar lineshapes, indicating 
that the reduction of disulfide bond contributed to the increase 
in the motional rate much more than GdmHCl. This became 
more obvious with the comparison of the ratio of first peak 
heights (Fig. 4D). The height of the first peak (H1) in a normal-
ized spectrum is a clear indication of the sharpness of a line-
shape especially when central linewidth (H0) is not clear 
(Kweon=et alK, 2006). As expected from Fig. 4B, EPR spectra 
for WT PrP were mostly composed two components; one from 
helix and the other from fast moving structure, perhaps sharp 
components derived from incomplete formation of the disulfide 
bond. These composite spectra often blur the calculation of H0. 
Thus, H1 gives rise to more precise comparison than H0. In Fig. 
4D, the ratios of H1 was 2.5-4 when the disulfide bond was 
reduced, while those were 0.8-2.2 in the presence of GdmHCl 
(ratio of 1 indicates no change). Helix 2 of PrP showed the 
most dramatic changes in motional rate upon the reduction of 
disulfide bond but helix 3 did not show significant changes in 
the motional rate. 

Finally, we measured conformational change of PrPCS occur-
ring upon membrane insertion using SDSL EPR and CD spec-
troscopy (Fig. 5). Spin label mutants of PrPCS dissolved in 0.3% 
SDS were mixed with membrane. Then, membrane insertion 
was induced by rapid dilution by adding three volumes of buffer 
A followed by removal of detergent using Bio-Beads SM2. After 
removing large aggregates by centrifugation, supernatants 
were subjected to EPR analysis. In the membrane, all spin 
label mutants showed significantly broad EPR spectra (Fig. 5A, 
left row). The extent of spectral broadening depended on the 
spin labeling position. For example, 205*/PrPCS showed strong 
immobile component (solid arrow), an indication of tertiary con-
tact. Spin label mutants177*/PrPCS, 203*/PrPCS and 211*/PrPCS 
(triangle) showed a signal of dipolar interaction, and others 
showed typical spectra of exposed secondary structure. The 
signal of dipolar interaction, tertiary interaction and exposed 
secondary structure were indicative of a new conformation in 
the membrane. In marked contrast, all spin labeling mutants of 
PrPCS dissolved in SDS showed almost identical EPR spectral 
lineshapes (Fig. 5A, right row). The aggregate of 222*/PrPCS 
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Fig. 4. EPR spectroscopy of WT PrP and PrP

CS
. (A) Schematic diagram of spin-labeling positions. Each bar represents helices. There is an 

intramolecular disulfide bond between C
179

 and C
214

. Asterisks denote spin-labeled residues. (B) Room temperature derivative EPR spectra of 

seven spin label mutants of WT PrP. (C) Superimposed EPR spectra. Left row, WT PrP
C
 in GdmHCl vs. PrP

CS
 in GdmHCl; right row, WT PrP

C
 

in buffer A vs. WT PrP
C
 in GdmHCl. (D) Comparison of ratio of first peak heights (H1). 
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Fig. 5. Conformational change of PrP

CS
 in the membrane. (A) Derivative EPR spectra of spin label mutants of PrP

CS
 in the membrane (left 

row) or in SDS (right row). Arrow indicates the appearance of immobile component suggesting tertiary contact. Triangle indicates dipolar inter-

action that suggests oligomerization of those points. (B) CD spectra of PrP
CS

 in the presence of 0.3% SDS (broken line) and 5 mM membrane 

(solid line). (C) CD spectra of WT PrP
C 

. The initial concentration of the samples was 0.15 mg/mL in 10 mM sodium acetate, pH 7.4. Figure B 

was not converted to molar ellipticity because the protein concentration in SDS or in the membrane could not be precisely measured. 

 
 
prepared by simply removing SDS without membrane and 
collecting by centrifugation contained a very strong immobile 
component in the EPR spectrum and an apparent hyperfine 
splitting (the lowest spectrum of Fig. 5A). Totally different spec-
tra between the membrane-inserted PrP and the simple aggre-
gate ruled out the possibility that the spectra for 148*-222* were 
the aggregation products of PrPCSs. 

CD spectra of PrPCS in the membrane context clearly showed 
reduced helical contents without any indication of increased β-
sheet contents when compared to those of PrPC (Figs. 5B and 
5C). Two minima at 208 nm and 222 nm in the CD spectra of 
WT PrPC were an indication of its helical contents (Fig. 5C). 
The minimum at 222 nm diminished in the CD spectra of PrPCS 
in the presence of 0.5% SDS or 5 mM membrane while the 
minimum at 208 nm weakened to some extent (Fig. 5B). The 
CD data were consistent with the suggestion that in the mem-
brane PrPCS loosens a significant portion of its helices when the 
disulfide bond of PrP is reduced. Taken together with the EPR 
data, it is plausible to suggest that PrP reorients to form a new 
conformation in the membrane with a significant loss of helical 
property. It is not clear at this time whether this conformation 
will change eventually into a β-sheet-rich conformation after 
prolonged incubation as SDS does (Stohr=et alK, 2008). 
 
DISCUSSION 
 
The interaction between cytoplasmic PrP and the hydrophobic 

lipid core of membrane correlates with neurotoxicity (Wang et 
al., 2006). Previous studies revealed PrP interaction with lipids 
(Baron and Caughey, 2003; Critchley et al., 2004; Kazlauskaite 
et al., 2003; Morillas et al., 1999; Sanghera and Pinheiro, 2002) 
and that recombinant PrP can bind and disrupt liposomes com-
posed of negatively charged phospholipids (Kazlauskaite et al., 
2003). Recently, we demonstrated that the membrane interac-
tion mode is regulated by the disulfide bond of PrP (Shin et al., 
2008). In the present study, we show the structural feature of 
this membrane binding mode that relies on disulfide bond re-
duction. Fluorescence spectroscopy showed that the putative 
TMD is exposed upon reduction of disulfide bond (Fig. 2). The 
released TMD has two options to shield its hydrophobic region; 
aggregation with other PrP molecules in the absence of mem-
brane (Fig. 1) or insertion into the membrane in the presence of 
membrane (Figs. 3 and 6). EPR spectroscopy showed that the 
helix 2 gained the largest motional freedom upon disulfide bond 
reduction (Fig. 4D). This increased motional freedom allows the 
exposure of the TMD, which, in turn, enables membrane inter-
action. After insertion into the membrane, PrP forms a new 
conformation and is accompanied by the loss of α-helical con-
tents, but not by an increase of β-sheet (Fig. 5). Our observa-
tion is consistent with the strong membrane binding at neural 
pH observed by other group that accompanies marked unfold-
ing, extensive aggregation and oligomerization (Re=et alK, 2008). 
Thus, the disulfide bond of PrP seems to be the structural de-
terminant of membrane binding of PrP. Our present study also 
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suggests that the pH-dependent membrane binding ability of 
previous reports might be the indirect consequence of pH-
dependent equilibrium change of the disulfide bond. 

The role of disulfide bond of PrP is still controversial. In PrPC, 
a disulfide bond stabilizes the overall fold of the protein by con-
necting the two long helices (Zahn et al., 2000). Some experi-
ments have suggested that the disulfide bond of PrPC is re-
duced during the conversion (Horiuchi and Caughey, 1999; 
Jackson, 1999; Welker= et alK, 2001). In contrast, it was also 
proposed that the presence of this sole intramolecular disulfide 
bond in PrPC is required for conversion to PrPSc (Maiti and 
Surewicz, 2001; Muramoto=et alK, 1996; Welker=et alK, 2002). 
The disulfide bond might not be broken even temporarily 
(Welker et al., 2002). On the other hand, the cysteines of PrPSc 
are assumed to be involved in a disulfide bond because dena-
turant-solubilized PrPSc reacts with thiol-specific reagents only 
after treatment with reducing agents (Turk=et alK, 1988), sug-
gesting that the possible reduction of this disulfide bond may be 
a temporary event. It was also reported that upon reduction of a 
single disulfide bridge the recombinant PrP can reversibly 
switch between α-helical conformation and a monomeric form 
rich in β-sheet structure at low pH (Jackson, 1999). It was pos-
tulated that the latter form represented a key monomeric pre-
cursor of PrPSc. Meanwhile, another experiment failed to con-
firm the same result but argued against the notion that reduced 
PrP could exist in a stable monomer that is rich in β-sheet struc-
ture at low pH (Maiti and Surewicz, 2001). Whether the disulfide 
bonds in PrPSc are intermolecular between monomers or in-
tramolecular within a monomer is a critical issue that has impor-
tant consequences for understanding the molecular mechanism 
of the conformational transition. Here, we report that membrane 
binding, believed to be a crucial factor in the conformational tran-
sition, is controlled by a single disulfide bond. Determination of 
membrane structure of the TMD deserves further investigation. 

Since PrPC is predominantly sequestered into lipid raft do-
mains which are rich in cholesterol and sphingomyelin, raft is 
believed to play a role in the prion conversion. In support of this 
notion, both PrPC and PrPSc co-localize in rafts, cholesterol 
depletion decreases formation of PrPSc in prion-infected cell 
lines, depletion of sphingolipids destabilizes rafts and increases 
the formation of PrPSc, and transmembrane forms of PrPC not 
localized in rafts does not serve as substrate for the formation 

of PrPSc. Based on these some ambivalent effects of raft on 
PrP conversion it might be assumed that the initial conversion 
process occur outside rafts and then re-enter rafts to form a 
mature PrPSc. In line with this assumption, the transmembrane 
form of PrP is not necessarily present in rafts. A recent report 
also showed that the TMD interaction did not show any prefer-
ence to the membrane structure but depended on pH (Re=et alK, 
2008). Thus, specific membrane structure such as rafts does 
not seem to affect the selectivity of TMD-membrane interaction.  

The role of PrP-membrane interaction is still controversial. 
Membrane might merely play a role in the conversion of PrPC to 
PrPSc (Critchley=et alK, 2004; Kazlauskaite=et alK, 2003; Morillas=
et alK, 1999; Pinheiro, 2006; Sanghera and Pinheiro, 2002) or 
directly affect cell physiology leading to cell death (De Gioia=et 
alK, 1994; Forloni= et alK, 1993; Lin= et alK, 1997; Wang et al., 
2006). Thermodynamics and kinetics study seem to be needed 
to elucidate the role of membrane on PrP conversion because 
we do not know yet whether membrane would affect conver-
sion rate constant or equilibrium constant. Furthermore, the 
structure of the putative TMD in membrane needs to be deter-
mined, which will give us insight into the function of PrP-
membrane interaction and pathogenesis mechanism. 
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